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a b s t r a c t

Optical and microphysical properties for optically thin ice clouds are retrieved from one
year of collocated Aqua/MODIS and CALIPSO/CALIOP measurements in 2008. The values of
optical thickness τ and effective particle size Deff are inferred from MODIS measurements
at three infrared (IR) bands located at 8.5, 11, and 12 mm in conjunction with collocated
CALIOP cloud boundary altitudes and the MERRA atmospheric profile datasets. The τ
values inferred from MODIS IR window measurements are insensitive to the pre-assumed
particle and habit distributions. Based on near-IR measurements at 1.38 μm and the
IR-based τ, a new method is developed to infer the scattering phase functions over both
ocean and land. A comparison between theoretically calculated phase functions and the
retrieved counterparts demonstrates that roughened solid columns provide the best
match for cirrus clouds over ocean, whereas droxtals may exist in optically thin cirrus
clouds. The best-fitted phase functions are generated using appropriate habit mixtures to
match the inferred phase functions. The phase function resulting from a mixture of 55%
severely roughened solid columns, 35% severely roughened droxtals, and 10% smooth
aggregates almost perfectly matches the mean phase function value retrieved over ocean.
The asymmetry factor based on the oceanic best-fitted phase functions is 0.778 at a
wavelength of 0.65 μm. However, it is difficult to find an appropriate habit recipe to fit the
inferred phase function over land. This may be caused by the relatively large uncertainties
associated with τ retrievals over land. The retrieval of Deff shows that optically thin cirrus
clouds consist of smaller ice particles in comparison with optically thicker ice clouds.
The mean Deff values of optically thin ice clouds over land and ocean are 41 μm and 48 μm,
respectively.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Optically thin cirrus clouds, defined as those having
optical thickness (τ) values less than 0.3, are frequently
observed in the upper troposphere [1,2] and cover approxi-
mately 30% of the tropical region between 201N–201S [3].

In comparison with deep convection systems, optically thin
cirrus clouds have relatively longer life cycles up to 2 days
[4,5] and larger horizontal scales up to several hundred
kilometers [6]. Meanwhile, the formation and maintenance
of these clouds deplete water vapor by homogeneous
freezing [7,8]. The study of these clouds has received a great
deal of attention since 1980s due to their radiative impor-
tance [7,9]. Several studies show that optically thin cirrus
clouds cause a positive radiative forcing at the top of the
atmosphere (TOA). Optically thin cirrus modulates the global
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energy budget primarily by emitting longwave (LW) radia-
tion at a relatively low temperature [10,11] rather than
reflecting shortwave (SW) energy. For example, using space-
borne lidar observations, Haladay and Stephens [3] demon-
strated that the averaged TOA SW radiative forcing for
optically thin cirrus clouds is less than !2Wm!2; but
these clouds, located at relatively high altitudes, result in a
significant decrease of the outgoing LW radiation of up to
20Wm!2. Lee et al. [12] investigated the radiative proper-
ties of tropical optically thin cirrus clouds. They showed that
the averaged TOA SW and LW forcings for all sky cases (i.e.,
including clear-sky and thin cirrus cases) are !1.7 and
2.7Wm!2, respectively. The 1Wm!2 net forcing in aver-
age is comparable with the effect of doubling CO2 that leads
to an approximate 4Wm!2 radiative forcing [13].

It would be useful to have a more accurate description
of optically thin cirrus optical and microphysical proper-
ties as well as single scattering properties necessary for
radiative transfer simulations. The single scattering prop-
erties include the single scattering albedo, scattering/
extinction efficiency, and scattering phase function, all of
which are used to describe the patterns of energy
absorbed or re-distributed by individual particles. Micro-
physical properties, such as the particle size distribution,
habit distribution and the textures of ice particle surfaces
(e.g., degrees of surface roughness, [14,15]), determine the
single scattering properties of ice crystals and, conse-
quently, the transfer field within cloud layers. However,
knowledge of cloud microphysical properties is limited
since such information is generally obtained from in situ
measurements [16] or from cloud chambers. Note that
in situ measurements may suffer from biases caused when

large ice particles shatter at the inlet to the probes [17,18]
and have spatial and temporal limitations. Ice particles
developed in a cloud chamber also have limitations and
may not capture the complexity of atmospheric particles.

For optically thin cloud, the use of traditional solar-
reflectance bands to infer the τ and Deff becomes proble-
matic because the radiometric signals associated with
cloud radiative properties are quite weak, especially over
a reflective surface. Ackerman et al. [19] show some
limitations in an analysis of the operational MODIS (Mod-
erate Resolution Imaging Spectroradiometer; [20]) Collec-
tion 5 products [21]. Different from passive solar reflection
observations, infrared (IR) and active lidar observations
have advantages if the cloud is optically thin [4,22–26].
In the IR region, the relatively long incident wavelength is
insensitive to the surface textures of individual particles.
Satellite-based lidar is a powerful active instrument that
provides backscattering signal profiles of atmospheric
columns with high vertical resolution [27], and has inher-
ent advantages in the detection of optically thin cirrus
cloud layers.

To focus on optically thin cirrus clouds, a unique near-
IR channel near the 1.38 μm water vapor absorption band
is used. Strong absorption of water vapor generally pre-
vents incident radiation from reaching the lower atmo-
sphere and the surface. Therefore, measurements at this
wavelength are sensitive to any cloud or scattering particle
above the level where attenuation occurs [28,29] and is
frequently used in the studies of optically thin cirrus
clouds [30–33].

In this study, we infer optical thickness and effective
particle size of optically thin cirrus clouds with 3 IR bands

Fig. 1. TOA BT errors of the fast IR RTM in comparison with the 32-stream DISORT. A standard mid-latitude summer atmosphere is used to conduct the
comparison. Panel (a): comparisons in a high-spectral resolution (0.1 cm!1) with viewing zenith angle 201. Panel (b): simulations for three Aqua/MODIS IR
bands (Band 29, 31, and 32) located near 8.5, 11, and 12 μm. Cloud Deff values is 50 μm. The surface temperature is 299 K with albedo 0.05. The ice cloud top
height is 10 km with physical thickness 1 km.
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in global data. Additionally, a new method is developed to
retrieve the cloud scattering phase function values in the
side through backward scattering directions. We employ
one year of Aqua/MODIS SW and IR observations in 2008
and collocated cloud mask products from the Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP)
onboard the Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO, [27]).

This article is organized as follows. Sections 2 and 3
introduce the IR-based cloud optical thickness retrieval
method, and the SW-based method to retrieve cloud
microphysical properties, respectively. Results are pre-
sented in Section 4 and conclusions are given in Section 5.

2. Retrieval of cloud optical thickness and effective
particle size

For clouds with an optical thickness less than approxi-
mately 5, IR window bands have inherent advantages in
the retrieval of cloud optical thickness and effective
particle size [34–40] since ice particles are strongly
absorptive in this spectral region. In this study, we use
three MODIS IR channels (8.5, 11, and 12 μm) and a fast
IR radiative transfer model (RTM, [36,37]) to retrieve τ.
The fast RTM simulates the TOA radiances in an IR spectral
region (i.e., 700–1300 cm!1) with satisfactory accuracy.
Fig. 1a shows the comparisons between the fast model
and the discrete ordinates radiative transfer model
(DISORT, [41]) simulations with a high-spectral resolution
(0.1 cm!1). The channel-averaged errors in the three
MODIS channels are generally smaller than 0.1 K in bright-
ness temperatures (BTs) in comparison with DISORT (see
Fig. 1b). The details of the IR fast RTM and corresponding
retrieval algorithms are discussed in previous studies
[36,37]. The retrieved cloud τ values are rescaled to
the corresponding value at a visible wavelength (specifi-
cally, 0.65 mm) for convenience. The relation between τλ at
an arbitrary wavelength λ and the corresponding τ at
0.65 μm is:

τλ ¼ τ
〈Qext;λ〉
〈Qext;vis〉

; ð1Þ

where /Qext,λS and /Qext,visS represent bulk (averaged over
the range of particle size and particle habits) extinction
efficiencies at λ and 0.65 μm, respectively. It is a reasonable
approximation to assume /Qext,visS to be 2 since the typical
size of ice particles is much larger than 0.65 μm. Ice particles

have different absorption characteristics in the three MODIS
IR channels. Information on particle sizes can be obtained by
investigating the BT differences between the 8.5 and 11 (or
12) μm channels. Therefore, another parameter, Deff, is also
retrieved simultaneously with optical thickness.

In addition to the MODIS IR observations, the retrieval
method uses surface temperature, surface emissivity,
cloud boundary altitudes, and atmospheric profiles as
input model parameters. The land surface temperature is
extracted from the MODIS product [42]; the surface
emissivities at three similar wavelengths (i.e., 8.6, 10.6,
and 12 μm) are extracted from the product of the Infrared
Imaging Radiometer (IIR) onboard the CALIPSO platform;
the atmospheric profiles, such as the temperature, water
vapor and ozone concentrations are from the Modern
Era Retrospective-Analysis for Research and Applications
(MERRA, [43]) data sets.

The cloud retrieval errors come from the satellite
observations, model simulations, sensitivities of IR obser-
vations to cloud properties, and model input. Here we
estimate the errors of τ and Deff by introducing errors into
different components of the IR-based retrieval. The mea-
surement biases of the MODIS three IR channels are less
than 0.1 K [44,45]. Brown and Minnett [46] reported a
0.35 K root mean square error (RMSE) of ocean surface
temperature. The RMSE of land surface temperature is
1.0 K approximately [42,47]. RMSE errors of surface emis-
sivities vary with surface type, and indicate that the ocean
surface emissivity is accurate with RMSE error less than
0.01; while as the largest RMSE of surface emissivity (0.03)
occurs in desert region [48]. Kennedy et al. [49] estimated
the biases and RMSEs of the MERRA temperature and
water vapor profiles. The MERRA temperature profiles
have 70.3 K biases and RMSEs in the range between 1
and 2 K for lower atmosphere (pressure higher than
700 hPa). For high atmospheric layers, the MERRA tem-
perature biases vary between !0.5 and 0.5 K with RMSE
decreases to 1.0 K, approximately. The MERRA system-
atically underestimates water vapor concentration and
have negative relative humidity biases in the lower atmo-
sphere. The MERRA RMSEs of relative humidity are on the
order of 10% in the entire atmosphere. More details about
the error estimation of the MERRA temperature and water
vapor profiles can be found in Fig. 1 in Kennedy et al. [49].

To conduct this error analysis, the 32-stream DISORT is
used to provide the “true” TOA BTs in the three MODIS IR
channels using a typical mid-latitude summer atmospheric

Table 1
Error sources introduced to conduct the error analysis for the IR-based retrieval.

Variable Data source Bias RMSE

TOA BT Aqua/MODIS L1B 0 K 0.1 K
Surface emissivity (ocean) IIR/CALIPSO 0.0 0.01
Surface emissivity (land) IIR/CALIPSO 0.0 0.03
Surface temperature
(ocean)

Aqua/MODIS L2 0.0 0.5 K

Surface temperature
(land)

Aqua/MODIS L2 0.0 1.0 K

Temperature profile MERRA !0.5–0.5 K 0.7–1.5 K
Water vapor profile MERRA !7 to 7% 5–18%
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profile [50], 20 cloud τ values from 0.015 to 10.5 and 10 Deff

values from 10 to 100 μm for reference. We also assume that
errors from measurements, fast model simulations, and
other input model parameters satisfy a normal distribution.
Up to 5000 perturbed model inputs and TOA BTs (including
both measurement and simulation errors) are employed to
estimate retrieval errors over ocean and land. More details
about the perturbations can be found in Table 1.

Fig. 2 shows the retrieval performance for different surface
conditions. The accuracy of IR-based cloud retrievals can be
significantly impacted by cloud optical thickness and surface
type. Firstly, the bias and RMSE of retrieved τ increase rapidly
as τ decreases from 0.1 to lower values; relatively large bias
and RMSE of the Deff retrieval also occur when τ is small. The
MODIS IR window channel measurements are sensitive to
optically thin cirrus cloud consisting of small particles, and
therefore provide the highest sensitivity (i.e., the derivative of
BT with respect to τ or Deff is large). For the same ice cloud
conditions, however, the information content can be extre-
mely low since uncertainties from the lower atmosphere and
the surface increase rapidly as the cloud becomes more
optically thin. Secondly, the bias and RMSE increase as τ
increases from 7 to 10. As optical thickness increases,
particularly when τ is larger than 7, the impact of ancillary
data uncertainties becomes less important on the retrieval
accuracy. However, the retrieval accuracy also decreases
because of the low information content caused by the near
zero BT sensitivity to cloud properties. Furthermore, the
retrieval biases may be amplified because the biases of
temperature and water vapor concentration (as shown in
Fig. 1 in [49]) have different signs and magnitudes at different
vertical levels. There is an optimal range for IR τ retrievals,
from 0.1–7. In this study, we focus on inferring cloud

properties within this τ range, where the biases of cloud
optical thickness retrieval are generally less than 20%. Similar
error analyses are given by Kahn et al. [51] and Iwabuchi et al.
[40].

3. Inference of ice habit information

The sensitivity in the shortwave infrared (SWIR:
0.75oλo3 mm) for the inference of ice habit and surface
roughness is greater than in IR measurements because at
SWIR wavelengths there is less absorption within ice
particles. Cloud microphysical properties can be inferred
by removing the optical thickness dependence from obser-
vations. In this section, an approach is developed to infer
the phase function P for a SWIR wavelength of 1.38 mm.
The phase function is not very sensitive to Deff but is more
sensitive to ice crystal habit. By comparing the inferred
phase function with those from the various habits, it is
possible to develop an ice crystal habit mixture that
minimizes differences between the simulated and inferred
phase functions, at least over the limited range of scatter-
ing angles available in the imager data. Note that in the
following analysis, the intent is to focus on the optical
properties of the habits rather than the microphysical
properties, so the habit mixture may not resemble that
of the general habit mixture in [14].

3.1. Physical principle

If an optically thin cirrus cloud layer exists in an
atmospheric column, the SWIR bi-directional reflectivity

Fig. 2. Biases and RMSEs for ice cloud τ and Deff retrievals calculated using 5000 perturbed atmospheric profiles. Errors from satellite observations, model
simulations, and surface temperature and emissivity are also included. The standard mid-latitude summer profile is used for reference. The reference ocean
surface temperature and emissivity are 299 K and 0.98, respectively; the land surface temperature and emissivity are 310 K and 0.9, respectively. Details of
the error sources are listed in Table 1. Panels (a) and (c) show the error estimations for optical thickness retrievals over ocean and land, respectively. Panels
(b) and (d) show the error estimations for Deff retrievals over ocean and land, respectively.
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at wavelength λ is composed of several parts:

Robs;λ ¼ Rc;λ % Ttwo!way;λþbλþcλ; ð2Þ

where Robs,λ is the satellite-observed reflectivity in this
channel, Rc,λ is the cirrus cloud reflectivity, Ttwo-way,λ is the
two-way transmissivity including the effect of gas absorp-
tion above the cloud layer, and bλ and cλ are reflectivities of
the surface and gas molecules (i.e., the Rayleigh scattering)
respectively. The two-way transmissivity is defined as
follows:

Ttwo!way;λðτg;λ; μ; !μ0Þ ¼ exp !
τg;λ
μ

! "
exp

τg;λ
μ0

! "
; ð3Þ

where μ and μ0 indicate the cosine values of the satellite
viewing zenith angle and solar zenith angle, respectively.
τg,λ is the gas optical thickness at wavelength λ. If cloud
optical thickness is small, it is reasonable to derive the
cloud scattering phase function based on the single-
scattering approximation as follows:

PλðΘ;MÞ '
4Rc;λ % ðμþμ0Þ

ωo;λ
1!exp !τc;λ

μþμ0
μμ0

! "# $!1

; ð4Þ

where Pλ is the scattering phase function, ω0,λ is the single
scattering albedo, τc,λ is the cloud optical thickness at
wavelength λ, Θ is the scattering angle and M indicates
cloud microphysical properties. However, the minimum
cirrus cloud optical thickness that can be retrieved accu-
rately is on the order of 0.1, at which point the accuracy of
single scattering approximation decreases. Here we give a
more general expression of Eq. (4) by introducing a
multiple-scattering coefficient ηλ [52]:

PλðΘ;MÞ '
4ηλRc;λ % ðμþμ0Þ

ωo;λ
1!exp !τc;λ

μþμ0
μμ0

! "# $!1

:

ð5Þ

The multiple-scattering coefficient ηλ is defined as the
ratio of single scattering to total reflectivity, which is a
function of the incident-viewing geometry and cloud
properties in the form

ηλðτ;M; μ; μ0;φÞ ¼
Rsc;λ
Rc;λ

; ð6Þ

where φ indicates relative azimuthal angle, and Rsc,λ
indicates the reflectivity contributed by single-scattering
events. ηλ is close to 1 if cloud τ⪡1 and is lower than 1 for
larger τ. ηλ is an important parameter in the derivation of
the cloud scattering phase function. This is discussed in
more detail in Section 3.2.

3.2. Derivation of cloud scattering phase function

To derive the scattering phase function Pλ using
Eqs. (2)–(6), several variables (e.g., Ttwo-way,λ, bλ, cλ, ω0,λ,
and ηλ) need to be calculated. In this study, we infer cloud
Pλ from 1.38 μm measurements (MODIS band 26) for three
reasons. Firstl, Rayleigh scattering is negligible in this
spectral region [53]. Second, ice particles are weakly
absorptive [54] and therefore the single scattering albedo
ω0,λ in Eq. (5) is close to 1 (see Fig. 3). Third, the surface
contribution term bλ is small in comparison with the cloud

reflectivity because of the strong water vapor absorption.
Fig. 3 shows the clear-sky transmissivity spectrum of the
typical mid-latitude summer atmosphere and the spectral
response functions of the MODIS band 26. The transmis-
sivity of the entire atmospheric column in the MODIS band
26 is approximately 0. The rigorous Line-By-Line Radiative
Transfer Model (LBLRTM, [55]), the CALIOP cloud top
altitude, and the MERRA atmospheric profiles are used to
calculate the two-way transmissivity.

Eq. (6) implies that the multiple-scattering coefficient
is determined by cloud optical and microphysical proper-
ties since both Rsc,λ and Rc,λ are functions of τ and M.
Therefore, a sensitivity study is implemented to investi-
gate the relation between ηλ and cloud properties using
two different bulk ice cloud microphysical models. The
first microphysical model is currently employed in the
MODIS Collection 5 ice cloud retrieval algorithm (hereafter
referred to as Ice-C5, [56]) that was derived using more
than 1100 ice particle size distributions obtained from
tropical and mid-latitude ice clouds [17,57]. This model
consists of 6 different ice particle habits (droxtals, plates,
hollow and solid columns, solid bullet rosettes, and an
aggregate of solid columns). The ice particles were
assumed to have smooth surfaces, with the exception of
the aggregate of solid columns for which moderate surface
roughness was assumed. The second microphysical model
is based on a generalized habit mixture (hereafter
Ice-GHM; [14]) that adopted 3 new particle habits in
addition to those previously listed for Ice-C5 (hollow bullet
rosettes, small/large aggregate of plates) for a total of 9
habits.

In this model, all ice particles are assumed to have
severely roughened surfaces where roughening of a particle
surface consists of small tilted facets, as described in [58].

Fig. 4a shows multiple-scattering coefficient calculated
using the Ice-C5 model ηIce-C5,1.38 as a function of Deff. This
ratio is generally determined primarily by cloud optical
thickness rather than the particle size. Fig. 4b shows the
ηIce-GHM,1.38-to-ηIce-C5,1.38 ratio as a function of τ and Deff. We
find that the multiple-scattering coefficient is insensitive
to the pre-assumed ice particle habits and surface rough-
ness since the ratio is close to 1, especially in the Deff

region between 10 and 60 μm. For this reason, a pre-
calculated lookup table (LUT) of η1.38 is generated using the
128-stream DISORT, using the Ice_GHM habit mixture with

Fig. 3. The clear-sky transmissivity spectrum (gray) of a standard mid-
latitude summer atmosphere calculated by using the LBLRTM. The blue
curve is the ice crystals single scattering albedo. The red curve is the
spectral response function of the MODIS Band26. (For interpretation of
the references to color in this figure legend, the reader is referred to the
web version of this article.)
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a Deff of 40 μm and including different incident-viewing
angles, and optical thickness values. With the retrieved
cloud τ and solar-satellite geometry, η1.38 can be estimated.

The inferred thin cirrus cloud phase functions are
compared with theoretical phase functions of bulk ice
particles with one of the 9 ice particle habits and habit
mixtures (e.g., the Ice-C5 and Ice-GHM). Cloud bulk
scattering property is calculated by integrating corre-
sponding single scattering properties over a wide range
of sizes weighted by the gamma size distribution function
and habit fraction. A combination of two numerical
approaches is used to generate the database of ice particle
single scattering properties. To be more specific, the
Amsterdam discrete dipole approximation (ADDA, [59])
and the improved geometric optics method (the new
IGOM, [60]) are employed to calculate the single scattering
properties for small and large ice particles (see [61] for the
technical details). In addition to the Ice-C5 and Ice-GHM,
we also match inferred phase function values using a
Monte Carlo method where the particle habits can be
mixed without regard to whether it makes sense from a
microphysical perspective. That is, any combination of the
9 habits and 2 degrees of surface roughness (only con-
sidering smooth and severely roughened) can be used if
the radiative properties lead to a match between the
simulated and inferred phase functions. In this Monte
Carlo method, a random number R1 between 0 and 1 is
generated to represent the fraction of the first habit. The
fraction of the nth habit with smooth or rough surface Rn
(2ono18) is limited to:

RnA 0;1! ∑
n!1

i ¼ 1
Ri

" #

: ð7Þ

Therefore, the fraction of the last habit is given by:

R18 ¼ 1! ∑
17

i ¼ 1
Ri: ð8Þ

However, this strategy is not random since the last few
habits always have extremely small fractions. Therefore,
we randomly set the order of the habits every time before
determining their fractions. A total number of 50 million
habit mixtures are generated by using the Monte Carlo
method to match the inferred scattering phase function at
30 scattering angles between 901 and 1801. The habit
mixture with smallest cost function is chosen. The cost
function is defined as follows:

χ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑
30

i ¼ 1

 
ln Pi! ln Pi;mixture

ln si

!2
vuut ð9Þ

where P and s are the mean and standard deviation of
inferred scattering phase function, Pmixture is the phase
function of a given habit mixture, i indicates the index of
scattering angle. In the next section, we will discuss the
retrieval results and the investigation of ice particle habits
within thin cirrus clouds.

4. Results

Properties of optically thin cirrus clouds are investi-
gated on the global scale using one full year of collocated
Aqua/MODIS, Infrared Imaging Radiometer (IIR), and
CALIOP/CALIPSO data in 2008. Three MODIS IR bands
(e.g., 8.5, 11, and 12 μm) are used to retrieve cloud τ and
Deff. The MODIS SWIR band at 1.38 μm is used to derive the
cloud bulk scattering phase function. MODIS pixels con-
taining multi-layered clouds, water phase clouds, or mixed
phase clouds are eliminated using the CALIOP cloud
products. Only CALIOP-detected ice phase clouds [62] with
cloud base altitudes higher than 8 km are used to retrieve
cloud τ and Deff. Furthermore, optically thin cirrus samples
with τ values (retrieved using the IR-method) in the range
between 0.1 and 0.3 are used to infer cloud scattering
phase functions. Note that the retrieved phase function is
limited to optically thin cirrus clouds during the daytime
since MODIS SWIR observations are required.

Fig. 4. Panel (a): the multiple-scattering coefficient (ηIce-C5,1.38) as a function of Deff calculated by using the Ice-C5 microphysical model. Solid curves: solar
zenith angle, viewing zenith angle, and relative azimuthal angle are 211, 631, and 601, respectively. The scattering angle is 1051 approximately. Dotted
curves: solar zenith angle, viewing zenith angle, and relative azimuthal angle are 281, 501, and 1501, respectively. The scattering angle is 1521
approximately. Panel (b): the ηIce-GHM,1.38-to-ηIce-C5,1.38 ratio as a function of τ and Deff with an scattering angle of approximately 1051.
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4.1. Overview

Fig. 5 shows the geographical distributions of CALIPSO
detected ice clouds [62], optically thin cirrus clouds
(CALIOP 0.03oτo0.3 [27]), and subvisible cirrus clouds
(CALIOP τo0.03) for daytime and nighttime, respectively.
Note that in this study the analysis is limited to CALIOP
detected single-layered cloud cases where the optically
thin cirrus clouds and subvisible cirrus clouds have cloud
bases higher than 8 km. For optically thick ice clouds (e.g.
τ43), the CALIOP signal attenuates rapidly and cannot
detect lower-level clouds. Therefore, the collocated Cloud-
sat product [63] is used to eliminate multi-layered cases. In
comparison with the frequency of all ice clouds found, the
optically thin cirrus cloud primarily resides in the tropics.
The high frequency regions are found in the western
Pacific, Africa, and across South America, consistent with
previous studies. The daytime and nighttime data indicate
similar frequency patterns for both all ice clouds and
optically thin cirrus cloud. However, more sub-visible cirrus
clouds are found by CALIOP during the nighttime, as
expected since the signal-to-noise ratio is quite high during
the daytime. During the daytime, the lidar-based cloud
detection algorithm may be influenced by reflected solar
radiance. The CALIOP cloud detection algorithm needs to
increase a threshold of cloud-to-gas molecule scattering ratio
to reduce the solar impact. A fraction of sub-visible cloud

signals are also eliminated because of the increase of the
threshold value [64,65]. Similar results of CALIOP detected
ice cloud frequencies are reported by Sassen et al. [66].

A scattering phase function at only one scattering angle
can be retrieved from an optically thin cirrus sample using
the collocated MODIS and CALIOP observations. Therefore,
a range of cloud scattering phase function can only be
retrieved using a large amount of observations with
different locations and times. Fig. 6 shows the scattering

Fig. 5. CALIOP detected daytime (left column) and nighttime (right column) frequencies of single layer ice clouds, optically thin cirrus clouds
(i.e., 0.03oτCALIOPo0.3), and subvisible cirrus (τCALIOPo0.03) in 2008. (a) Ice cloud Frequency (Daytime), (b) Ice cloud Frequency (Nighttime), (c) Thin
Cirrus Frequency (Daytime), (d) Thin Cirrus Frequency (Nighttime), (e) Subvisible Cirrus Frequency (Daytime) and (f) Subvisible Cirrus Frequency (Night
time).

Fig. 6. Scattering angle frequencies for global, low- (301S to 301N),
mid- (301N/S to 601N/S), and high-latitude (601N/S to 901N/S) optically
thin cirrus samples.
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angle frequencies for global, low, mid, and high latitude
optically thin cirrus clouds. A large fraction of the optically
thin cirrus cloud samples have scattering angles higher
than 1201 because: (1) more than 85% of optically thin
cirrus cloud samples occur in the tropics with relatively
small solar zenith angles, and (2) the CALIOP track varies
little over the MODIS swath, limiting comparison with
MODIS observations to a narrow range of viewing zenith
angles (e.g., smaller than 201). Collocation samples with
scattering angles less than 1101 are located primarily at
very high latitudes in both hemispheres.

4.2. Cirrus optical properties

MODIS IR measurements are used to investigate cirrus
optical properties for both daytime and nighttime cirrus
clouds, again limited to ice phase clouds having base

altitudes higher than 8 km. Fig. 7 shows the normalized and
cumulative τ frequencies. About 20% of the cirrus samples
have τ smaller than 0.3. Given the error analysis discussed in
Section 2, we focus on ice clouds with retrieved τ values
between 0.1 and 7. Additionally, optically thin cirrus clouds
(about 14% of all samples, see the vertical dotted lines in

Fig. 7. Normalized frequency (solid) and cumulative distribution (dashed
curve) of retrieved ice cloud τ (at visible wavelength) using IR-based
method. The two dotted vertical lines represent τ¼0.1 and 0.3,
respectively.

Fig. 8. Annual averaged IR-based τ distribution patterns of (a) ice clouds,
and (b) optically thin cirrus clouds (0.1oτo0.3).

Fig. 9. Scattering plot of inferred optically thin cirrus cloud phase
function over land (a) and over ocean (b). Black circles represent the
averaged phase functions. Error bars indicate corresponding standard
deviations. The frequency is scaled by dividing the largest frequency in
each scattering angle bin.

Fig. 10. Same as Fig. 9, but samples in low-latitude region (451S–451N)
are plotted. The Sahara Desert region (i.e., 51N–351N, 201W and 351E) is
removed to reduce the impacts from the surface.

C. Wang et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 138 (2014) 36–49 43



Fig. 7) with retrieved τ values between 0.1 and 0.3 are used
to investigate the inference of the scattering phase function.
The global annually-averaged τ distributions for single ice
cloud layer samples (with retrieved 0.1oτo7) and for
optically thin cirrus cloud samples (0.1oτo0.3) are shown
in Fig. 8. For all ice cloud samples, the averaged τ displays a
similar geographical distribution pattern as shown pre-
viously (see Fig. 5). However, insignificant spatial variations
can be found from the geographical distribution of τ for
optically thin cirrus clouds, suggesting that the τ values of
optically thin cirrus clouds are essentially independent of
the frequency of occurrences.

4.3. Cirrus microphysical properties

Based on the IR-based cloud optical thickness, the
optically thin cirrus cloud phase functions over land and
ocean are shown in Fig. 9a and b, respectively. The mean
values of the phase functions (circles) and corresponding
standard deviations (vertical bars) are shown. Although
multiple scattering events, together with averaging a large
number of phase function values within a narrow scattering
angle range, tend to smooth out the inferred scattering
phase function, we can still infer some features via this
investigation. For example, relatively strong oscillations can
be found in the averaged land-based phase function in the
scattering angle range between 1001 and 1801. Additionally,
the standard deviations of the land phase functions are
much larger than their oceanic counterparts. Different from
the land phase function, the averaged oceanic phase func-
tion exhibits a slight increase at scattering angles larger
than 1201. The larger uncertainties from the inferred phase
functions over land may be a result of two factors: fewer

cirrus samples are collected over land and there are larger
uncertainties of land surface temperature and emissivity.
The 1.38 μm reflectivity may be impacted by the surface if
the amount of total precipitable water in the column is low
(e.g., in high-latitude regions) or if the surface is strongly
reflective (desert regions). To reduce these potential uncer-
tainties, the data are filtered using mid- and low-latitude
cloudy samples only between 451N and 451S. Furthermore,
cirrus pixels over the Sahara Desert region (i.e., 51N–351N,
201W and 351E) are also removed. The filtered scattering
phase functions are shown in Fig. 10. Samples with low
scattering angles (Θo1101) are already removed since
these are noted to occur most often at higher latitudes.
Even with this filtering, no significant change over land can
be found in either of the averaged phase functions and their
corresponding standard deviations.

We compare the inferred cloud phase functions with
theoretical ice particle phase functions with uniform habits
and degrees of surface roughness, as shown in Figs. 11 and 12.
In the two figures, the left and right columns show the
theoretical phase functions for smooth and roughened parti-
cles, respectively. In comparison with smooth particles, the
phase functions of roughened particles seem to be quite
similar to the inferred oceanic phase function, suggesting that
roughened particles (especially solid columns and column
aggregates) may dominate optically thin cirrus clouds over
ocean. Baum et al. [14] show that in synoptic cirrus clouds,
water droplets that have multiple nucleation events upon
freezing are likely to grow as poly-crystals. However, it is
found that the phase function of droxtals generally captures
the gradual increment in side through backward directions of
the inferred oceanic phase function. Baum et al. [14] reported
that droxtals might exist near the top of synoptic clouds in

Fig. 11. Comparisons between inferred scattering phase function of oceanic thin cirrus clouds (black dots as shown in Fig. 9b) and scattering phase
functions of ice crystals with ideal habits. (a-c): Smooth particles and (b-d): Rough particles.
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the upper troposphere with ambient temperature between
!60 and !40 1C.

Fig. 13 compares the inferred cloud phase functions
and the theoretical phase functions calculated using habit
mixtures. Two ice cloud microphysical models (i.e., Ice-C5
and Ice-GHM) mentioned in Section 3 are used to conduct
the comparisons. The assumption of smooth particles in
the Ice-C5 model leads to relatively strong phase function
oscillations and strong backward scattering. The phase

function of Ice-GHM captures the major features of the
inferred phase function, suggesting that the assumption of
severely roughened particles is sufficient to simulate thin
cirrus clouds.

The best-fitted scattering functions for oceanic and
land optically thin cirrus clouds are generated by using
the Monte Carlo method and are shown in the right
column of Fig. 13. In the Monte Carlo method, the effective
diameter is assumed to be 40 μm. This is because the

Fig. 12. Same as Fig. 11, but for comparisons between theoretical scattering phase functions and inferred scattering phase function of thin cirrus clouds
over land. (a-c): Smooth particles and (b-d): Rough particles.

Fig. 13. Left column: comparisons between the theoretical phase functions calculated using habit mixtures (Ice-C5 and Ice-GHM) and the inferred phase
functions over ocean and land. Right column: comparisons between the best-fitting phase functions and inferred phase functions over ocean and land.

C. Wang et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 138 (2014) 36–49 45



variation of a phase function with a change of Deff can be
ignored in comparison with the standard deviation of
inferred phase function. The best-fitted oceanic scattering
phase function almost perfectly matches the inferred one.
This approach suggests that the use of 55% severely
roughened solid columns, 35% severely roughened drox-
tals, and 10% smooth aggregates is adequate to represent
the ice particle optical properties within oceanic thin
cirrus clouds over this limited scattering angle range.

For clouds over land, the best-fitted phase function
does not match the inferred phase function because none
of the idealized ice particle habits reproduces a similar
phase function. For scattering angles larger than 1201,
almost all of the habits have a lower value in the scattering
phase function in comparison with the inferred one, except
the droxtal. For this reason, the best-fitted habit mixture
consists of 76% severely roughened droxtals and 24% severely
roughened solid bullet rosettes. Generally speaking, more
uncertainties are associated with the inferred phase function
over land. More studies are required to investigate the
difference the oceanic and terrestrial thin cirrus clouds. With
a Deff of 40 mm, the asymmetry factors for the two best-fitted
phase functions over ocean and over land 0.785 and 0.774 at
1.38 μm, and 0.778 and 0.769 at 0.65 μm. The Ice-C5 and Ice-
GHM have relatively larger asymmetry factors (0.814 and
0.797 at 1.38 μm, and 0.818 and 0.790 at 0.65 μm).

The two best-fitted ice cloud microphysical models,
together with the MODIS IR observations, are used to
retrieve Deff for cirrus clouds over ocean and land, respec-
tively. Here the best-fitted habits mixtures are used to
retrieve ice cloud properties with τ values larger than 0.3,
although they are derived from optically thin cirrus clouds.
This may not be representative of thicker ice clouds. The
geographical distributions of annual averaged Deff for ice
clouds and optically thin cirrus clouds are shown in the
two panels of Fig. 14, respectively. It is interesting to find
that the ice cloud Deff values are systematically larger than

the optically thin cirrus clouds. Additionally, it seems that
the oceanic optically thin cirrus clouds consist of relatively
larger ice particles than their land counterparts. As shown
in Fig. 15, the averaged Deff values for ice clouds and
optically thin cirrus clouds over land are 51 μm and
41 μm, respectively. However, the mean Deff values for all
ice clouds and optically thin ice clouds over ocean are
54 μm and 48 μm (see Table 2). King et al. [67] reported the
climatology for ice cloud properties using the MODIS
Collection 5 optical thickness and effective particle size.
Some discrepancies can be found in comparison with this
study. However, the MODIS operational cloud retrieval
that uses a combination of two solar reflectance channels
is much more sensitive to optically thick (e.g., τ45) clouds
rather than optically thin cirrus cloud (0.1oτo0.3). The
optically thick ice clouds with τ larger than 7 are beyond
the IR retrievable range and therefore are eliminated in
this study. According to the error analysis mentioned in
Section 2, the IR-based retrieval is likely to overestimate
Deff by a factor of 1.1–1.5 for oceanic optically thin cloud
and a factor of 1.3–1.6 for optically thin cloud over land. In
the future, an optimal estimation-based method [68] could
be used to understand retrieval uncertainties at the pixel-
level.

5. Conclusions

In this study, a new method using a combination of
satellite IR and SW observations is developed to infer

Fig. 14. Annual averaged IR-based Deff distribution patterns of (a) ice
clouds, and (b) optically thin cirrus clouds (0.1oτo0.3).

Fig. 15. Normalized Frequencies of Deff for terrestrial ice clouds (black),
oceanic ice clouds (red), terrestrial thin cirrus clouds (green), and oceanic
thin cirrus clouds (blue). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Table 2
Annual means of global, oceanic, and terrestrial cloud Deff for ice clouds
and optically thin cirrus clouds.

Cloud properties (global annual mean) Deff (μm)

Ice cloud
Global 53
Oceanic 54
Terrestrial 51

Optically thin cirrus
Global 47
Oceanic 48
Terrestrial 41
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optical and microphysical properties of optically thin
cirrus cloud on a global scale. Three MODIS IR channel
observations, together with the collocated CALIOP
cloud boundary altitudes and atmospheric profiles
from the MERRA data, are used to infer cloud optical
thickness and effective particle size. The IR observations
are insensitive to the ice particle size and habit distribu-
tions, facilitating the retrieval of τ without accurate knowl-
edge of cloud microphysical properties and possible
vertical inhomogeneity of ice crystal habit [69]. The IR-
based retrieval method is based on a fast and accurate RTM.
The errors of τ and Deff retrievals are estimated. To reduce
the impacts from cloud retrieval uncertainties, only opti-
cally thin cirrus cloud with retrieved τ values larger than 0.1
are used to infer cloud microphysical properties. The SWIR
measurements at 1.38 mm have some sensitivity to particle
habits and the degree of surface roughness. Therefore, the
MODIS SWIR 1.38 mm band is used to infer cloud scattering
phase functions statistically. The 1.38 μm channel is used to
reduce the impact from surface reflection and highlight thin
cirrus clouds in the upper troposphere.

From the inferred cloud optical properties we find that
the geographical pattern of τ distribution for all ice clouds
is similar to their occurrence frequency. However, for
optically thin cirrus clouds, the averaged τ distribution is
essentially independent of with their frequency of occur-
rence. Furthermore, slight differences in the optical thick-
ness are found between ocean and land. By investigating
effective particle diameter (to be consistent with rest of
manuscript), we find that the optically thin cirrus clouds
are composed of relatively small ice particles in compar-
ison with the optically thick ice clouds. The global mean
Deff values of all ice cloud and optically thin cirrus samples
are 53 and 47 μm, respectively. Meanwhile, the averaged
Deff values of the two different ice cloud types exhibit
strong spatial dependence, that is, the Deff values of
oceanic ice clouds are systematically larger than their
terrestrial counterparts. Future studies focusing on the
differences between oceanic and terrestrial thin cirrus
clouds are necessary. Investigation of the inferred and
theoretical phase functions suggests that the optical prop-
erties of optically thin cirrus clouds over ocean are
approximated well by a combination of roughened solid
columns, droxtals, and smooth column aggregates.

An optimal mixture of ice particle habits may be
suggested using the Monte Carlo method. It shows that
the phase function from an ensemble of 55% severely
roughened solid columns, 35% severely roughened drox-
tals, and 10% smooth aggregates almost perfectly matches
the inferred oceanic scattering phase function. The
inferred scattering phase function over land indicates
strong oscillations in the side through backward scattering
directions (scattering angle between 1101 and 1801). Based
on minimizing the inferred and simulated phase function
differences, the optimal mixture of the ice particle habits
for terrestrial thin cirrus clouds obtained from the Monte
Carlo method is 76% severely roughened droxtals and 24%
severely roughened solid bullet rosettes. However, it is
difficult to use current theoretical phase functions to
match the terrestrial cirrus phase function. In comparison
with oceans, analysis of ice particle habits in thin cirrus

clouds over land is much more difficult due to the large
uncertainties associated with surface temperature and
emissivity, which impact the IR-based τ retrieval.
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